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ABSTRACT

Two-dimensional (2D) insulators are a key element in the design and fabrication of van der Waals heterostructures. They are vital as
transparent dielectric spacers whose thickness can influence the photonic, electronic, and optoelectronic properties of 2D devices.
Simultaneously, they provide the protection of active layers in the heterostructure. For these critical roles, hexagonal boron nitride (hBN) is
the dominant choice due to its large bandgap, atomic flatness, low defect density, and encapsulation properties. However, the broad
catalogue of 2D insulators offers exciting opportunities to replace hBN in certain applications that require transparent thin layers with
additional optical degrees of freedom. Here, we investigate the potential of single-crystalline molybdenum oxide (MoO3) as an alternative 2D
insulator for the design of nanodevices that require precise adjustment of the light polarization at the nanometer scale. First, we measure
wavelength-dependent refractive indices of MoO3 along its three main crystal axes and determine the in-plane and out-of-plane anisotropy
of its optical properties. We find that the birefringence in MoO3 nanosheets compares favorably with other 2D materials that exhibit strong
birefringence, such as black phosphorus, ReS2, or ReSe2, in particular in the visible spectral range, where MoO3 has the unique advantage of
transparency. Finally, we demonstrate the suitability of MoO3 for dielectric encapsulation by reporting linewidth narrowing and reduced
inhomogeneous broadening of 2D excitons and optically active quantum emitters, respectively, in a prototypical monolayer transition-metal
dichalcogenide semiconductor. These results show the potential of MoO3 as a 2D dielectric layer for manipulation of the light polarization in
vertical 2D heterostructures.

VC 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0066219

The remarkable diversity of van der Waals (vdW) layered crys-
tals, the breadth of their properties, and the ability to stack them with-
out restriction has positioned atomically thin crystals as a unique
platform to develop novel heterostructure-based devices with engi-
neered functionalities.1 A key ingredient in the design of vdW hetero-
structures for electronic and photonic applications is an insulator: a
transparent layered dielectric material to encapsulate the active mate-
rial for both protection and device functionality. Among the broad
catalog of wide-bandgap materials offered by the vdW family, high-
quality hexagonal boron nitride (hBN) is the dominant choice due to
its atomic flatness and low defect density. Encapsulation of graphene
or transition metal dichalcogenides (TMDs) with hBN can signifi-
cantly reduce environmental disorder2 to yield significantly enhanced

transport3,4 and optical5–7 properties. In addition, hBN is an invaluable
dielectric spacer for engineering the optical properties8–12 and can act
as a tunnel barrier between active 2D regions13–15 with a tunneling
probability that can be precisely controlled by the number of atomic
layers.16 While hBN is ubiquitous due to these exceptional properties,
some drawbacks exist. High-purity hBN is typically obtained only in
extreme conditions,17 creating scarcity. Furthermore, the nuclear spins
of all isotopes of both boron and nitrogen are nonzero.18,19

Supplementary material Table S1 presents the nuclear spin number (I)
and natural abundance for each isotope of boron and nitrogen. A zero
nuclear spin number can only be obtained when both atomic numbers
Z and A are even for all atoms in a material, a requirement that hBN
fails to meet. For some applications in quantum information science,
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this leads to spin decoherence, as observed in magnetic resonance
spectroscopy of atomically thin hBN.20 This can negatively affect the
spin coherence of an electron localized at a lattice defect21 or a quan-
tum dot encapsulated by hBN.13,22,23

Beyond a passive role as an isotropic dielectric material, an insu-
lating vdW material, which can protect the active region of a hetero-
structure and play additional roles in the device functionality, provides
new opportunities. For instance, due to the extreme sensitivity of exci-
tons in 2D materials such as monolayer (ML) transition metal dichal-
cogenides (TMDs) to their environment, it is possible to control and
tune the electronic and optical properties (such as the bandgap and
exciton binding energies) using dielectric engineering techniques.11

Furthermore, specific hBN thicknesses can be chosen for particular
applications to optimize specific characteristics, e.g., to engineer the
far-field radiation pattern9 or to control the tunnel barrier for carriers
and interlayer coupling.8,13,14 However, in the case of hBN, its refrac-
tive index is isotropic within the exfoliation plane making thickness
the only variable to control in the heterostructure design. In this con-
text, in-plane anisotropic insulators could offer a new knob to tune the
dielectric properties. This degree of freedom could prove valuable for
next-generation optoelectronic, photonic, and quantum devices.

In this framework, an intriguing alternative to hBN is single-
crystalline MoO3. MoO3 has a relatively large indirect bandgap
(>3 eV, Refs. 24 and 25), ideal for applications requiring a transpar-
ent material in the visible and near-infrared part of the spectrum.
For example, MoO3 has been used in silicon,26 perovskite,27 and
organic28 photovoltaics applications and as a buffer layer in organic
light-emitting diodes.29 Moreover, the dominant isotopes of both
molybdenum and oxygen have zero nuclear spins (see the supple-
mentary material, Table S1), positioning MoO3 as a promising can-
didate for applications that require spin coherence. In addition,
MoO3 presents an in-plane anisotropic crystal structure in its lay-
ered phase (a-MoO3),

30–32 enabling a platform for ultra-low-loss
polaritons due to anisotropy33 and anisotropic phonon-polariton
propagation along the surface of a rotated MoO3 bilayer.

34 Similar
crystal anisotropies have been exploited to fabricate optical and
optoelectronic devices,35–37 positioning MoO3 as a candidate for
nanodevices in which transparent thin layers with an additional tun-
able variable are needed. Although the dielectric properties of single-
crystal bulk a-MoO3 and its biaxial optical anisotropy have been
measured by valence electron-energy-loss spectroscopy38 and inter-
ferometric methods,39 the wavelength-dependent in-plane and out-
of-plane birefringence of single-crystalline MoO3 nanoflakes and the
performance MoO3 as an encapsulation dielectric for vdW hetero-
structures has not yet been investigated.

Here, we characterize the optical and encapsulating properties of
MoO3 nanosheets. First, using an imaging ellipsometer, we measure
the refractive indices along the a, b, and c axes and determine the in-
plane and out-of-plane wavelength-dependent birefringence of the
refractive indices for MoO3. To unambiguously demonstrate the in-
plane anisotropy, we measure the polarization dependent reflectivity
of a MoO3 nanosheet and observe that the effective refractive index is
dependent on the incident polarization. Building on these results, we
calculate the optical phase retardance as a function of the sample
thickness and wavelength of these MoO3 nanosheets. Finally, we apply
MoO3 as an encapsulating material for a ML WSe2 layer. We probe
the absorption at cryogenic temperatures of the WSe2 A-exciton and,

relative to a reference unencapsulated ML WSe2 sample, observe sub-
stantial linewidth narrowing and an energetic blueshift. We ascribe
this improvement to the atomic flatness, reduced disorder, and dielec-
tric environment of MoO3. Furthermore, we characterize a single
quantum emitter in MoO3 encapsulated WSe2 and observe linewidths
on par with those observed in hBN encapsulated WSe2. The perfor-
mance of MoO3 as an encapsulation dielectric is found to be compara-
ble to hBN. Overall, we find that the intrinsic anisotropy of the optical
properties of MoO3 provides an unexplored degree of freedom useful
for photonic applications while simultaneously MoO3’s dielectric
properties suggest its suitability as a candidate to replace hBN in cer-
tain applications.

We prepare MoO3 nanosheets via mechanical exfoliation from
bulk crystals (2DSemiconductors, Scottsdale, AZ, USA) in an Ar envi-
ronment. The thickness of the exfoliated nanosheets is estimated in
situ by optical contrast analysis (see the supplementary material, Fig.
S1), a reliable and accurate method to characterize the thickness of 2D
materials,40,41 including MoO3.

42 The MoO3 nanosheets that are
employed as encapsulating layers in our vertical vdW heterostructures
are 15–40nm thick, while the MoO3 layers studied via ellipsometry
and differential reflectivity measurements are 110–150nm thick.

Assembly of heterostructures incorporating WSe2 (2D
Semiconductors, Scottsdale, AZ, USA) were carried out using the hot
pickup transfer technique43 in the inert environment to promote pris-
tine interfaces. Spectroscopic ellipsometry measurements were carried
out using a spectroscopic imaging (spatial resolution �1lm) nulling
ellipsometer (EP4, Accurion Gmbh, G€ottingen, Germany) in an Ar
atmosphere at room temperature in the wavelength range from
410 nm to 980nm with constant wavelength steps of 10 nm. Optical
reflectance and photoluminescence (PL) spectroscopy measurements
were carried out at T¼ 4K using a diffraction limited confocal
microscope.

a-MoO3, with a centrosymmetric Pnma (62) structure44,45 as
shown in Fig. 1(a), is the thermally stable phase of MoO3. It has a lam-
inar structure with lattice parameters a¼ 3.761 Å, b¼ 3.969 Å, and
c¼ 14.425 Å (a ¼ b ¼ c ¼ 90�).38,44 Mo–O bonding within each
layer is covalent whereas bonding between layers is of vdW type, mak-
ing possible its exfoliation [Fig. 1(b)]. However, within the in-plane
crystallographic directions, a drastic difference in the bond strength
can be observed both in Fig. 1(a), comparing views from b and c axes,
and in Fig. 1(b), which reveals clear rectangular shapes. The directions
defined by different bonding strengths make it possible to identify the
direction parallel to longer sides (higher bond density) and shorter
ones (weaker bond density) with b and c directions, respectively, while
a is the out-of-plane direction.

To probe and directly correlate the optical properties with crystal
anisotropy, we perform imaging spectroscopic ellipsometry of MoO3

samples. Figure 2, top panel, shows the ellipsometric angles D and W
(open circles and squares) measured for a 1126 1nm thick MoO3

nanosheet on a Si/SiO2 substrate. Ellipsometric data from the samples
were acquired at three different angles of incidence (defining the verti-
cal as AOI ¼ 0�) in 5� steps and two orthogonal incidence planes
obtained via two sets of measurements taken by rotating the samples
in the azimuthal angle h¼ 90� within the b–c plane (in-plane). In this
scenario, the wave vector of the excitation beam is contained within
the a–b crystallographic plane (labeled as H configuration, in blue
tones, when the longer side of the nanosheets—b crystallographic
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direction—is perpendicular to the direction described by the incidence
and nanosheet planes) or within the a–c plane (labeled as V configura-
tion, in red tones, when the longer side of the nanosheets—b crystallo-
graphic direction—is parallel to the direction described by the
incidence and nanosheet planes). For a quantitative analysis of the

optical properties of the MoO3 nanosheet, it is necessary to fit the mea-
sured data with an appropriate multilayer model. With the aim of
minimizing substrate-induced uncertainties in the determination of
the refractive index of MoO3 flakes, ellipsometric data from the bare
Si/SiO2 substrate were also measured simultaneously on a spot very
close to the MoO3 nanosheet using the same experimental conditions.
Supplementary material Fig. S2 shows the ellipsometric angles D and
W measured for the bare Si/SiO2 substrate, from which an oxide thick-
ness of 97.36 0.1 nm was determined by employing the reported
refractive indices of Si and SiO2.

46 Due to the strong crystal anisotropy
of MoO3, we modeled its refractive index as a biaxial birefringent
medium, where na, nb, and nc are the refractive indices along each
crystal axis. Because the extinction coefficients for MoO3 in the visible
range are very low,42 we neglect that term in our model and assume
real-valued refractive indices described by the Sellmeier dispersion law
of the form n2i ðkÞ ¼ 1þ Bik

2=ðk2 � CiÞ with i ¼ a; b; c. The solid
lines in the top panel in Fig. 2 represent numerical fits of the experi-
mental data to our theoretical model, from which the refractive indices
along the different crystallographic axes are obtained (see the bottom
panel in Fig. 2). The good agreement between the experimental values
and the theoretical fits verifies that our assumption of real-valued
refractive indices for MoO3 nanoflakes in the visible range is reason-
able. The Sellmeier coefficients resulting from the numerical fits are
summarized in supplementary material Table S2. As can be seen in
the bottom panel in Fig. 2, the refractive index of MoO3 nanosheets
presents a clear biaxial anisotropy with values of na, nb, and nc in good
agreement with previously reported values for single-crystalline bulk
MoO3 Ref. 39 and a recent study on MoO3 nanosheets.

47 The results
in Fig. 2 also highlight a large in-plane/out-of-plane birefringence in
MoO3 for visible wavelengths. At k¼ 633nm, we measure Dnac
¼ na � nc � �0:25 and Dnab ¼ na � nb � �0:33, which are higher
in absolute values than the values found in other birefringent crystals
such as YVO4 [Dn ¼ 0:21 at 633nm (Ref. 48)], which is widely used
in laser devices and optical components.

In addition to the in-plane/out-of-plane birefringence, MoO3

nanosheets also show a marked in-plane birefringence, for instance,
Dnbc ¼ nb � nc � 0:11 at 520nm. Although smaller than the in-
plane birefringence of black phosphorus (Dn ¼ 0:245 at 520nm,37

birefringence that has been recently explored for its potential use in

FIG. 1. (a) Orthorhombic a-MoO3 (space
group Pnma 62) structure showing the
standard orientation of the crystal shape
and views along the a, b, and c axes. (b)
Optical images of exfoliated MoO3 nano-
sheets. Scale bar¼ 20 lm.

FIG. 2. D and W measured for three different incident angles and two different
sample orientations (as described in the inset in the top panel) via ellipsometry of
an MoO3 nanosheet (top panel) and the refractive indices along the a, b, and c
axes obtained from fits using a Sellmeier dispersion law (bottom panel). The inset
in the bottom panel identifies the crystal axes. Scale bar¼ 20lm.
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reconfigurable color displays49), the measured in-plane birefringence
for MoO3 is �3 times larger than that of other vdW materials such as
ReS2 (�0.037 Ref. 37) and ReSe2 (�0.047 Ref. 37) at 520 nm and is
comparable to that of state-of-the-art bulk birefringent materials such
as CaCO3 (�0.17 Ref. 37). However, unlike the previously mentioned
vdW materials with large in-plane birefringence, MoO3 is transparent
in the visible spectral range,47 opening this feature to applications
where a transparent material is necessary. Such an in-plane birefrin-
gence positions MoO3 as an ideal candidate for polarization-integrated
vdW nanodevices that require precise adjustment of the light polariza-
tion at the nanometer scale. The electric field components of a plane
wave propagating along the a axis of MoO3 with a linear polarization
state misaligned with respect to the b and c crystallographic axes expe-
rience a phase retardance d given by dðd; kÞ ¼ 2pDnbcðkÞd=k, with d
being the MoO3 thickness. Since the band structure of MoO3 has a
negligible thickness dependence,31 we do not expect the refractive
index to depend on the nanosheet thickness. Therefore, for a given k,
the phase retardance d grows linearly with the sample thickness. Given
that the ML thickness of MoO3 is 0.7nm,50 we estimate a maximum
phase retardance of �0:105� per atomic layer at 410 nm.
Supplementary material Fig. S3 shows the calculated phase retardance
induced by MoO3 as a function of the sample thickness and light
wavelength.

To further show the role that the in-plane anisotropy of MoO3

can play in the design of nanodevices for photonics applications, we
perform linear-polarization-resolved optical reflectance spectroscopy
measurements in MoO3 samples exfoliated on top of a Si/SiO2 sub-
strate. During the measurements, the azimuthal angle of the linearly
polarized incident light is rotated with respect to the crystallographic
in-plane axes of MoO3 with steps of 5� in a vertical diffraction limited
confocal microscope with normal incidence (AOI ¼ 0�). Figure 3(a)
shows linear reflectance contrast spectra (DR=R) acquired for a MoO3

nanosheet under different incident angles, where h ¼ 0� and h ¼ 90�

represent incident linearly polarized light aligned with the b and c
axes, respectively. The linear reflectance contrast spectra were calcu-
lated as DR=R ¼ ðRs � R0Þ=Rs, with Rs and R0 being the reflectivity
measured in the sample and the bare substrate, respectively. The
DR=R spectra show clear minima that blueshift when the incident light
is rotated from parallel to the b axis to parallel to the c, in addition to
an overall intensity change. The origin of such minima can be attrib-
uted to the destructive interference enabled by the optical thickness of
MoO3, for which the reflected intensity Rs becomes minimum at a
wavelength k ¼ 4dneff ðhÞ=ð2mþ 1Þ, with d being the MoO3 thick-
ness, neff ðhÞ being an effective in-plane refractive index, and m being
the order of the interference maximum. Due to the in-plane anisot-
ropy of MoO3, the incident polarized light experiences a different
refractive index neff ðhÞ, which depends on the azimuthal angle h
through the following equation:

1
n2eff ðhÞ

¼ cos2h
n2b
þ sin2h

n2c
; (1)

which states that the optical thickness for which the constructive inter-
ference is satisfied depends on the azimuthal angle of the incident
light. This result yields a redshift of the wavelength of the DR=R mini-
mum as the incident angle is rotated from 0� to 90�. Figure 3(b) shows
the calculated DR=R of a 1536 2nm MoO3 nanosheet on top of a
Si/SiO2 substrate with an oxide layer of 97 nm as a function of the inci-
dent angle. The calculations were carried out using a multilayer trans-
fer matrix using the in-plane refractive indices shown in Fig. 2. These
results not only reproduce the observed blueshift of the DR=R minima
but also account for the observed intensity change of the DR=R as a
function of the illumination angle.

Next, to investigate the potential of MoO3 as a dielectric spacer
and an encapsulating layer for vdW heterostructure devices, we fabri-
cated a sample consisting of a ML WSe2 partially encapsulated by
MoO3 on top of a Si/SiO2 (90 nm) substrate. Figure 4(a) shows an
optical image of the fabricated heterostructure, in which three different
regions can be identified: (i) a region where the WSe2 ML lays directly
on top of the Si/SiO2 substrate (area outlined in green); (ii) a region

FIG. 3. (a) Experimental DR=R spectra and (b) calculated using a transfer matrix
method rotating in-plane a MoO3 nanosheet, from a parallel position with a collec-
tion polarizer (0�, vertical nanosheet, b axis) to a perpendicular one (90�, horizontal
nanosheet, c axis). (c) Schematic representation of the azimuthal angle (h)
between the nanosheet orientation and the collection polarizer.

FIG. 4. (a) Optical image of a ML WSe2 (outlined with solid lines) with three distinct
dielectric environments: sitting directly on a Si/SiO2 substrate (green area), sitting
directly on top of MoO3 (purple area), and fully encapsulated by MoO3 (red area).
(b) DR=R comparing the ML WSe2 from the three regions described in (a). Scale
bar in (a) represents 10 lm.
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where the WSe2 ML is separated from the Si/SiO2 substrate by a bot-
tom MoO3 layer (purple area); and (iii) a region where the WSe2 ML
is fully encapsulated by top and bottomMoO3 layers (red area). Figure
4(b) shows low-temperature (LT) DR=R spectra measured at the spa-
tial positions indicated in Fig. 4(a) in the energy range 1.6–1.9 eV. In
this spectral region, the fundamental direct optical transition (so-called
A-excitons at the K and K 0 points of the hexagonal Brillouin zone)
dominates the optical response of the WSe2 ML. We observe that the
WSe2 exciton resonances in the partially (purple) and fully encapsu-
lated (red) regions show a pronounced shift of �26meV to higher
energies as compared toWSe2 on SiO2. Energy shifts of similar magni-
tude have also been observed for WSe2 and other 2D TMDs deposited
on top of different substrates and encapsulated by hBN or layers with
different refractive indices.11,51–54 The observed energy shifts are the
result of the local dielectric screening of the Coulomb interactions
induced by the dielectric surroundings of the 2D layers,11,51,53,54 which
leads to substantial and opposite shifts of the free-carrier bandgap Eg
and the exciton binding energy EB. Although for encapsulated samples
both magnitudes might change considerably, in our experiments we
can only access the exciton energy (i.e., the difference between Eg and
EB). Therefore, the resulting energy shift DE (either to higher or lower
energies) is the result of the relative energy shifts DEg and DEB, which
typically give rise to a very small shift compared to the exciton energy
in nonencapsulated samples. In our case, the observed energy blueshift
for the exciton resonance indicates that DEg > DEB. Moreover, the
observed energy shift of the exciton resonance is accompanied by a
substantial narrowing of the exciton linewidth for the partially and
fully encapsulated regions of the sample (�13 meV) as compared to
the nonencapsulated one (�40 meV). Similar narrowing of exciton
linewidths, attributed to a reduction of the inhomogeneous broaden-
ing, has also been observed for different ML TMDs encapsulated by
hBN as a consequence of protection from possible substrate-related
charge and electric field fluctuations as well as increased flatness
enabled by the hBN encapsulation.5,6 Although linewidths approach-
ing the homogeneous limit (as narrow as �2meV) have been
reported, the exciton linewidths we measure for WSe2 encapsulated by
MoO3 are very similar to the ones we routinely obtain for hBN-
encapsulated WSe2 (see the supplementary material, Fig. S4). Further
improvements could be possible with higher purity WSe2 crystals55

and incorporation into electrostatically gated devices. These results
confirm that MoO3 represents an alternative to hBN as a dielectric
spacer and protecting layer for vdW-based heterostructure devices.

Finally, motivated by potential applications for MoO3 in quantum
devices, we investigate the effect MoO3 encapsulation has on the prop-
erties of quantum emitters in MLWSe2. Confocal PL imaging of several
bare MoO3 flakes at a temperature of 4K confirms the absence of LT
emission from MoO3 in the energy range 1.55–1.95 eV. Conversely,
confocal PL scanning of MoO3-encapsulated ML WSe2 reveals a few
localized spots with higher PL intensity than the homogeneous emis-
sion background. These localized bright spots present discrete spec-
trally narrow peaks originating from WSe2 quantum emitters.13,56–59

Figure 5(a) shows a PL spectrum of the neutral exciton of a single
WSe2 quantum emitter fully encapsulated in MoO3. The spectrum
exhibits a clear doublet, split by 600 leV, with orthogonally linear
polarized emission, as shown in Fig. 5(b). The emission doublet is a
fine-structure splitting arising from the electron–hole exchange interac-
tion energy and the asymmetry in the confinement potential.13,56–59

The fine-structure doublet exhibits the typical saturation behavior of
single quantum emitters with increasing power, as shown in supple-
mentary material Fig. S5. The individual fine-structure split peaks
exhibit emission linewidths of�150 and�230 leV and minimal spec-
tral fluctuation at long timescales. Over 10min, the standard deviation
of the peak energy is �20 leV (see the supplementary material, Fig.
S6). Overall, the inhomogeneous broadening of the WSe2 quantum
emitters fully encapsulated in MoO3 is comparable to those fully encap-
sulated in hBN.13

In summary, we have demonstrated that MoO3 is a viable alter-
native to hBN as a 2D dielectric insulator, in particular, for quantum
devices requiring spin coherence or applications requiring an extra
degree of freedom to fine-tune photonic heterostructures due to its in-
plane birefringence. We report the refractive indices along the three
crystal axes of MoO3 and find that the in-plane birefringence of MoO3

is among the highest reported for a 2D material. These results are
complemented by differential reflectivity measurements. As an exam-
ple advantage of its unusually high birefringence, MoO3’s potential use
as an optical phase retardance element is proposed. Finally, we dem-
onstrated the suitability of MoO3 nanosheets for dielectric encapsula-
tion, reporting linewidth narrowing in ML WSe2 and reduced
inhomogeneous broadening of optically active TMD quantum emit-
ters. These results pave the way for MoO3 as a dielectric element for
vertical vdW heterostructures.

See the supplementary material for the following: Table S1: nuclear
spin number (I) and abundance in nature of hBN and MoO3 constitu-
ents: boron, nitrogen, oxygen, and molybdenum; Fig. S1: optical con-
trast analysis for MoO3 nanosheet thickness identification; Fig. S2:
ellipsometry D and W (circled dots) measured on the bare Si/SiO2 sub-
strate; Table S2: Sellmeier coefficients resulting from the numerical fits
in a dispersion law of the form n2i ðkÞ ¼ 1þ Bik

2=ðk2 � CiÞ with
i ¼ a; b; c being the axes in MoO3 nanoflakes described in Fig. 2; Fig.
S3: calculated phase retardance induced by aMoO3 nanosheet as a func-
tion of the sample thickness and light wavelength; Fig. S4: typical DR=R
in WSe2 monolayer encapsulated in hBN at LT, showing a narrowing
similar to the one obtained in MoO3 encapsulated WSe2 monolayer in
Fig. 4; Fig. S5: fine structure splitting power dependence in LT emitters

FIG. 5. (a) PL of a single quantum emitter in a MoO3 encapsulated WSe2 sample
at T¼ 4 K. The spectrum shows a fine structure splitting of 600 leV with peak line-
widths of �150 and �230 leV. (b) Polarization dependent spectroscopy of the
doublet peaks have orthogonal linear polarization.
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in an encapsulated WSe2 ML on MoO3; and Fig. S6: jittering in the
emitter in aWSe2 ML encapsulated inMoO3 described in Fig. 5.
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